[1] Measurements of the evolution of organic aerosol extinction cross sections (s ext ) and subsaturated hygroscopicity upon heterogeneous OH oxidation are reported for two model compounds, squalane (a C 30 saturated hydrocarbon) and azelaic acid (a C 9 dicarboxylic acid). For both compounds, the s ext values at 532 nm increase substantially as the particles undergo oxidation, exhibiting a logarithmic increase with OH exposure. The increase in s ext correlates with both an increase in the particle oxygen to carbon (O:C) atomic ratio and density and a decrease in mean molecular weight. The measurements have been used to calculate the variation with oxidation of the mean polarizability, a, of the molecules comprising the particles. The absolute a values for the two systems are shown to be related through the variation in the particle chemical composition, specifically the relative abundances of C, O, and H atoms and the mean molecular weight. Unlike s ext , it was found that the evolution of the particle hygroscopicity upon oxidation is quite different for the two model systems considered. Hygroscopicity was quantified by measuring g ext , which is a single-parameter representation of hygroscopicity that describes the increase in extinction upon exposure of the particles to a high-relative humidity environment (here, 75% and 85% RH). For unoxidized squalane, g ext was zero and only increased slowly as the particles were oxidized by OH radicals. In contrast, g ext for azelaic acid increased rapidly upon exposure to OH, eventually reaching a plateau at high OH exposures. In general, g ext appears to vary sigmoidally with O:C, reaching a plateau at high O:C.
Introduction
[2] Atmospheric aerosols play a key role in determining the radiative balance of the Earth through their ability to both scatter and absorb solar radiation [Intergovernmental Panel on Climate Change, 2007] . Light extinction by aerosols is the sum of light scattering and absorption. The efficiency of light extinction by aerosols is a strong function of both particle size and chemical composition. The chemical composition of particles determines their complex refractive index, and the refractive index determines, in turn, their ability to interact with light of a given wavelength and thus their impacts on climate [Kanakidou et al., 2005] and on ozone formation through the reduction in surface UV radiation [Dickerson et al., 1997; Jacobson, 1999] .
[3] Atmospheric aerosols are composed of both inorganic and organic compounds, the composition of which varies greatly in both space and time [Murphy et al., 2006; Zhang et al., 2007] . The refractive index (RI) of many inorganic aerosol components (e.g., (NH 4 )SO 4 , NaCl) have been reasonably well established [e.g., Abo Riziq et al., 2007] . In contrast, the RI of organic aerosol has not been sufficiently characterized. In part, this is due to the much greater chemical complexity of the organic versus the inorganic fraction of atmospheric aerosols [Kanakidou et al., 2005] , but also results from there being a limited number of measurements until recently [Schnaiter et al., 2003; Barkey et al., 2007; Yu et al., 2008; Kim et al., 2010; Lang-Yona et al., 2010; Nakayama et al., 2010] . Of course, the inorganic and organic components are often internally mixed in ambient particles, but it is important that the organic fraction be studied independently as the sources of the inorganic and organic fractions are often distinct [Dentener et al., 2006] and the relative abundances of the inorganic and organic components can vary greatly.
[4] It is necessary to establish a framework wherein the optical properties of organic aerosol are understood both in terms of their different sources and how they may be altered by in situ chemical processing. One important question with respect to organic aerosol relates to what extent variations in particle composition correspond to variations in particle optical properties. This has implications for the understanding and representation of the optical properties of OA derived from different sources (e.g., primary versus secondary, biogenic versus anthropogenic) and the evolution of these properties as organic particles age in the atmosphere. The variability in organic aerosol (OA) sources, coupled with the observation that atmospheric OA composition is not static [e.g., Ng et al., 2010] , suggests that there may not be a single, well-defined refractive index that can be used to characterize OA; nonetheless, this is the approach currently taken by most models [Kinne et al., 2003] . In this study, we present measurements that directly address the connection between composition and refractive index for two model organic systems.
[5] Additionally, the hygroscopicity of particles, or their ability to take up water, influences their ability to interact with solar radiation [e.g., Myhre et al., 2004] . As water is taken up particles grow, causing them to scatter more light. At the same time, water generally has a smaller refractive index than either organic or inorganic aerosol components, and thus water uptake leads a decrease in the overall particle refractive index. The predominant inorganic aerosol components are generally very hygroscopic. In contrast, the hygroscopicity of organic aerosol components is highly variable, and may change as particles age in the atmosphere [Petters et al., 2006; Jimenez et al., 2009] . However, as with refractive index, most models assume a single subsaturated hygroscopic growth curve to describe organic aerosol water uptake [Kinne et al., 2003] .
[6] Here, we report on experiments wherein the evolution of the light extinction cross section and the hygroscopicity of two model organic compounds (squalane and azelaic acid) upon heterogeneous oxidation by OH radicals has been determined. A long-chain saturated hydrocarbon, squalane, was chosen as a surrogate for primary organic aerosol, while azelaic acid (O:C ratio of 0.44) has been observed in atmospheric aerosols [e.g., Fraser et al., 2003] and is a reasonable proxy for oxidized organic aerosol [Jimenez et al., 2009] . The results indicate that both the extinction cross section and the particle hygroscopicity increase as the particles are oxidized. The magnitude of the observed increases in these bulk aerosol properties depends on the initial compound identity and is shown to be related to changes in the atomic composition, molecular volume and particle density.
Experimental Methods
[7] Particle heterogeneous OH oxidation experiments were conducted using the flow tube and methods described by Smith et al. [2009] . Particle light extinction was measured at 532 nm using a cavity ring-down aerosol extinction spectrometer (CRD-AES), described by Baynard et al. [2007] . Particle hygroscopicity was assessed by simultaneously measuring the change in extinction between dry particles (RH <5%) and particles exposed to and maintained at ∼75% and ∼85% relative humidity [Massoli et al., 2009] . A schematic of the experimental setup is shown in Figure 1 .
[8] In brief, lognormal distributions of pure squalane or azelaic acid particles were generated via homogeneous nucleation in a N 2 stream. The generated particles were mixed with O 2 (5% by volume), trace hexane and variable amounts of O 3 , and water vapor was maintained at 30% RH. The resulting mixture was passed through a 130 cm long, 2.5 cm diameter quartz flow tube. OH radicals were generated along the length of the flow tube using four Hg lamps (l = 254 nm). OH concentrations were controlled by varying the amount of O 3 present in the stream. Steady state OH concentrations were determined by measuring the loss of hexane through the flow tube when the lights were on using a gas chromatograph with flame ionization detection (GC-FID) as described by Smith et al. [2009] . The initial hexane concentration was ∼100 ppb. The total flow rate through the flow tube was 1.0 lpm, corresponding to a reaction time of 37 s.
[9] Particles exiting the flow tube were size selected using a long differential mobility analyzer (DMA; TSI, Inc.). Following the size selection by the DMA, the aerosol stream was quantitatively distributed using an aerosol flow splitter to a condensation particle counter (CPC; TSI, Inc.), a scanning mobility particle sizer (SMPS; TSI, Inc.), a cloud condensation nuclei (CCN) counter (Droplet Measurement Technologies) and the CRD-AES. To ensure sufficient flow to each of the instruments, particle-free makeup air was added to the size-selected aerosol stream. Measurement of the size distribution of the size-selected aerosol allowed for Figure 1 . Schematic of the experimental setup. In one set of experiments, particles were reacted with OH in the flow tube, size selected with the DMA, and then characterized using the CRD-AES, an SMPS, CPC, and a CCN counter. In a second set of experiments, the particles were characterized using an HR-ToF-AMS and an SMPS. characterization of the fraction of doubly charged (and therefore different size) particles that passed through the DMA column. In a few experiments, the aerosol was doubly size selected to decrease the contribution of such doubly charged or "q2" particles. In most experiments, the q2 number fraction was kept below 5% although for some experiments it was as large as 15%. All extinction measurements were corrected for the contribution from q2 particles by calculating the extinction due to singly and doubly charged particles using spherical particle Mie theory [Bohren and Huffman, 1983] , weighting by the measured particle number at each size, and multiplying the measured extinction by the ratio s ext,calc (q1)/(s ext,calc (q1) + s ext,calc (q2)), where s ext is the extinction cross section. The resulting extinction is that due only to singly charged particles. The RI used in the q2 correction is implemented as part of the least squares minimization used to determine the refractive index values in section 3.1, and thus has been determined in a selfconsistent manner. The magnitude of the correction was generally largest for the smallest particles due to the initial lognormal particle size distribution peaking around 110-130 nm, which varied somewhat day to day. Additionally, the SMPS measurements allowed for characterization of any particle shrinking due to evaporation following dilution resulting from the addition of the makeup air; in all experiments particle evaporation was negligible (with diameter changes smaller than the resolution of the DMA column).
[10] Within the CRD-AES, the particle stream was split into three flows, one dry and two humidified. The high-RH streams were humidified by passing the aerosol through a temperature-stabilized humidifier before sending the humidified aerosol stream to the CRD cells. It is important to note that in these experiments the humidifiers were maintained at a lower temperature than the CRD cells (typically by 3-5 K) and thus the aerosol was initially exposed to a higher RH than was measured in the cells, usually very close to or at saturation. However, the RH within the two humidified CRD cells was directly measured and was typically ∼75% and 85%. The RH was measured using both high-precision Rotronics probes (±0.8%) and lower-precision Vaisala probes (±3%). Both types of probes were calibrated via comparison with saturated salt solutions (using MgCl 2 , NaCl and KCl) and the RH values were determined with the different probes for the humidified cells agreed to better than 2%. The hygroscopicity of the particles was characterized by measuring the increase in particle extinction in the humidified channels relative to the dry channel, i.e., f RH = s ext (RH)/s ext (dry). f RH has traditionally been used to characterize changes in the scattering coefficient. Note that here f RH is defined based on extinction measurements, as has been done recently by other authors [Quinn et al., 2005; Baynard et al., 2006; Garland et al., 2007; Beaver et al., 2008; Massoli et al., 2009] ; thus, for nonabsorbing particles f RH from scattering and extinction are equivalent. The f RH measurements were converted to a single-parameter representation of the particle hygroscopicity by calculating the g RH value [Gassó et al., 2000; Quinn et al., 2005; Massoli et al., 2009] , which is the slope of a linear fit to a plot of log(s ext (RH)) versus 2 − log(100 − RH), where RH is in %.
[11] For each OH exposure ( = [OH] × reaction time) the extinction cross section (units = m 2 /particle) and g RH were measured for four particle diameters: d p = 130 nm, 150 nm, 170 nm and 190 nm for squalane and d p = 100 nm, 120 nm, 150 nm and 190 nm for azelaic acid. For each d p -OH exposure pair the extinction coefficient (units = 1/m) was measured at various particle concentrations and the s ext was determined from a linear fit to a plot of the measured extinction coefficient versus particle number concentration (units = particles/m 3 ) [Lack et al., 2006] . [12] OH oxidation lifetime values were determined from the measured OH exposures as
where t k is the kinetic lifetime with respect to oxidation (1/k) and is given by :
where G OH is the OH reactive uptake coefficient, d p,surf is the mean surface-weighted particle diameter, r 0 is the particle density, N A is Avogadro's number, c is the mean speed of gas phase OH and MW is the molecular weight.
[OH]·t was determined from the hexane measurements. For a given OH exposure t ox varies inversely with particle diameter. Further, because t k depends on both MW and density, for a given OH exposure t ox will be different for squalane and azelaic acid. Specifically, for a given OH exposure the t ox for squalane will be 3.4 times greater than for azelaic acid (assuming the same G OH ). For squalane, the uptake coefficient has been measured to be 0.3 . For azelaic acid, the uptake coefficient is thought to be somewhat larger than squalane and we make the assumption that G OH = 0.5 for azelaic acid; the exact comparisons presented here will change somewhat if a different G OH is used, but the general conclusions are unaffected. Specifically, the relationship between t ox and the magnitude of a given change in one of the measured particle properties, such as that in s ext or g RH, will be altered, but the magnitude of such changes will be unaltered. In calculating t ox , we have made the simplifying assumption that r 0 , MW and d p,surf of the distribution are constant Smith et al., 2009] . As such, the calculated t ox are approximate and effectively only account for differences in the selected particle size.
[13] Chemical characterization of organic aerosol is performed using a high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, Aerodyne Research, Inc.) by methods that we have discussed previously Kessler et al., 2010] and will describe only briefly here. The elemental oxygen-to-carbon and hydrogen-tocarbon ratios (O:C and H:C, respectively) are calculated for the reactive azelaic acid system using the method outlined by Aiken et al. [2007 Aiken et al. [ , 2008 . Although the default scaling factors provided for this calculation by Aiken et al. [2008] (0.75 for O:C and 0.91 for H:C) are useful for mixtures containing a variety of components, they are predicted to be less accurate for individual compounds. For this reason, we use a correction factor of 0.26 for O:C and 0.76 for H:C in order to ensure that the preoxidation values match the known elemental ratios of pure azelaic acid. Although these factors are unusually low for elemental analysis, the resulting trend of increasing oxygen content with several oxidation lifetimes (Figure 2b ) is consistent with previous observations .
[14] Particle density, which was observed to change during the course of the experiment, was calculated using the average mobility diameter, d m (SMPS); vacuum aerodynamic diameter, d va (from particle time-of-flight measurements in the AMS); and the standard density, r 0 = 1 g cm −3 , using the equation:
Minor deviations in particle shape (toward nonspherical geometries) are expected to introduce an error less than 10% [DeCarlo et al., 2004] . It should be noted that the optical/ hygroscopicity experiments and composition/density experiments were performed separately and have been connected by relating the t OH values. (Figures 2a and 2b ). An average s ext (0) for each d p has been used as the reference state. As such, the spread observed about the measured s ext values at zero oxidation lifetimes gives a sense of the measurement reproducibility and precision (±3%, 2s). This estimate does not account for systematic uncertainties in the particle number concentration measurements; however this should have minimal impact on the relative cross-section measurements because systematic uncertainties in particle number will approximately normalize out in the calculation of s ext,rel . For both squalane and azelaic acid the measured s ext,rel values increase with t ox . However, for both compounds the increase in s ext,rel begins to level out at high OH exposures, with the extinction increasing by ∼20% and 30% at the highest t ox for the squalane and azelaic acid systems, respectively. The variation in s ext,rel with t ox showed no distinct dependence on particle size, and thus the different d p data have been combined into a single data set. As can be seen in Figure 2 , for both compounds the data can be fit to an exponential of the form s ext,rel (t ox ) = y 0 (1 − A · exp[t ox /t*]), where y 0 , A and t* are fit constants. The use of an exponential fit does not imply there is a physical basis for this relationship and is only meant as a guide for the eye.
Results and Discussion
[16] The refractive index of the unreacted squalane and azelaic acid particles can be determined by comparing the measured size-dependent s ext values with theoretical results from Mie theory (Figure 3 ) [Bohren and Huffman, 1983; Lack et al., 2006; Abo Riziq et al., 2007] . Our analysis has been limited to considering only the real part of the refractive index; that is, we assume the particles to be purely scattering. Whether heterogeneous oxidation leads to the formation of absorbing compounds awaits future investigation and the use of direct absorption measurements. Additionally, we assume that the particles are spherical. The best fit RI was determined by minimizing the chi-square value between the q2-corrected measured s ext and the model s ext . Both corrected and uncorrected s ext values are shown in Figure 3 , along with the calculated extinction efficiency, which is defined as the actual s ext divided by the geometric cross section ( = pd p 2 /4). The extinction efficiencies are all less than one due to the relatively small particles used.
[17] The model/measurement comparison yields real RI values of n = 1.47 (±0.02) for azelaic acid and n = 1.47 (±0.02) for squalane at 532 nm (Figure 3) . Our values are somewhat higher than the literature values azelaic acid (1.430) [Lide, 2006] and slightly higher than that for squalane (1.452) [Sax and Stross, 1957] (these values are presumably for 589.3 nm, the output from a sodium lamp, and not at 532 nm, although this was not explicitly stated in these references). Some of the difference in the azelaic acid refractive index values may derive from the spherical particle assumption employed here. The increase in s ext that occurs upon oxidation can be considered in terms of a change in the refractive index. Again assuming that the particles are purely scattering, the RI is found to increase to 1.54 for azelaic acid (Dn = 0.07) and 1.52 for squalane (Dn = 0.05) for the longest OH exposures, corresponding to the observed 30% and 20% increase in s ext for azelaic acid and squalane, respectively.
[18] The observed relationship between s ext (and n) and t ox is nonlinear, with s ext (and n) increasing rapidly at first before beginning to plateau at longer times. These results suggest that the optical properties of organic aerosol are not fixed in the atmosphere and that it may be desirable to allow the refractive index for organic aerosol to change as a function of aerosol age within models. However, the measurements presented here only account for heterogeneous oxidation; this is but one pathway by which organic aerosol composition can be modified in the atmosphere. Secondary formation is also important and the evolution of OA optical properties with time should be considered in future studies [Kim et al., 2010] .
Extinction Cross Section: Chemical Composition
[19] It is desirable to determine connections between OA optical properties and chemical composition. One such measureable parameter that can be used is the atomic oxygen-to-carbon and hydrogen-to-carbon ratio. For squalane, the variation in O:C and H:C with OH oxidation lifetime has previously been measured Smith et al., 2009] . The O:C ratio starts at zero for pure squalane and monotonically increases to ∼0.35 at 17 OH Figure 2 . The measured change in the relative extinction cross section and RI are shown as a function of the OH exposure, given as the number of oxidation lifetimes (t ox ), for (a) squalane and (b) azelaic acid. The variation of the O:C atomic ratio versus t ox is shown for (c) squalane and (d) azelaic acid. The change in s ext,rel is shown as a function of the particle O:C atomic ratio for (e) squalane and (f) azelaic acid. The change in s ext,rel as a function of particle density for (g) squalane and (h) azelaic acid. Larger densities correspond to longer oxidation lifetimes. In all plots, lines are exponential fits to the data. oxidation lifetimes while H:C decreases from 2.1 to 1.6 over the same lifetime range. Additionally, particle density is known to increase with oxidation lifetime for the squalane system Smith et al., 2009] . Whereas squalane starts with an O:C = 0, azelaic acid starts with an O:C = 0.44. Note that this value is larger than the maximum reached for squalane via OH oxidation Smith et al., 2009] ; as such, oxidized azelaic acid and oxidized squalane particles effectively cover different ranges of O:C. As with squalane, the O:C and particle density for oxidized azelaic acid particles generally increases while the H:C decreases with t ox .
[20] The functional form of the variation in O:C with t ox is similar to that observed here for the s ext for both the squalane and azelaic acid systems. Thus, it appears that the changing chemical composition of the organic aerosol, in this case through heterogeneous reactions, determines the evolution of the particle real refractive index. Specifically, the addition of oxygen leads to an increase in the real RI (Figure 2c) . However, the O:C ratio by itself does not appear to determine the absolute value of the real RI, as evidenced by the unreacted particles having such similar refractive indices. Other factors, such as particle density, MW, functional group type, etc., must therefore also play a role in determining the real RI. For example, s ext,rel (and RI) is also found to increase with the evolving particle density (Figure 2d) .
[21] The Lorentz-Lorenz relation (also known as the Clausius-Mossotti relation) relates the refractive index of a substance to the mean polarizability (a) and the molecular volume (v m ) (or equivalently, density, r p , divided by molecular weight) of the compound(s) comprising the substance:
[22] The refractive indices for the two systems considered in this study (oxidized squalane and azelaic acid) were determined to be very similar, despite the very different composition of the aerosols. The Lorentz-Lorenz relation indicates that this must result from differences in r p , MW or a between the two aerosol types. Using our measured refractive index values, a has been determined for both unreacted aerosol types, with a(squalane) = 410 cm 3 /mol and a(azelaic acid) = 130 cm 3 /mol. Thus, a major reason for these two systems having nearly identical refractive index values despite the differences in chemical functionality is that the mean polarizabilities, densities and molecular weights are quite different. If it were assumed, for example, that a(squalane) = a(azelaic acid) = 130 cm 3 /mol, then the apparent n for squalane would be 1.14, which is unrealistically low.
[23] As the squalane and azelaic acid particles are oxidized their chemical composition continuously changes, which leads to a continuous variation in n, r p , MW, O:C and H:C and, consequently, in a. As discussed above, the variation in density of the oxidized squalane and azelaic acid particles is known. We can also estimate how the mean MW varies with oxidation level from the variation in the absolute elemental composition with t OH . Mean MW for oxidized squalane increases initially due to functionalization reactions, but eventually fragmentation causes the mean MW to decrease . Similarly, the mean MW for oxidized azelaic acid initially increases at low t OH before decreasing at higher t OH . From these observations, the changes in the mean molecular volume (v m = MW/r p ) with oxidation have been used to calculate how the mean polarizability varies with t OH for both systems (Figure 4) .
[24] The mean polarizability of a mixture is approximately given by the sum of the polarizabilities of the mixture constituents [Feynman et al., 1989; Liu and Daum, 2008] . We postulate that the mean polarizability for organic aerosol can be represented as a weighted linear combination of the absolute C, O and H elemental abundances, where the weighting factors account for the different polarizabilities and sizes of the constituent atoms:
where x x is the mole fraction and a x is the weighting factor for the C, O and H atoms that depends on both the polarizability of the individual atoms and the atom-specific molecular volume. Note that the a x values are really mean values for the individual atoms since this formulation does not account for differences that might result from the atoms existing with different local environments (e.g., bonding configurations or functional groups). This approach is somewhat similar to that taken by Liu and Daum [2008] , except we use atomic composition instead of molecular composition.
[25] If equation (5) is generally valid, then it should be possible to determine a self-consistent set of a C , a H and a O for both the oxidized squalane and azelaic acid data sets. Using the observational constraints on n, v m and the x C , x H and x O , we have used a GRG nonlinear engine (built into Excel 2010) to determine optimal values of a C , a H and a O by minimizing the "merit function" chi-square (c 2 ):
where the " values are the estimated uncertainties in the measurements and the calculations. (The "measured" a is the value determined using the RI, r p and MW values and the "calculated" the a from the x x and a x . The uncertainties in the x x were estimated assuming that " O:C and " H:C increase from 10% to 20% over the t ox range considered. The uncertainty in the RI values were ±0.02. The uncertainty in the r p and MW were assumed to increase from 5% to 10% over the range of t ox considered. The uncertainties in x x , r p and MW were assumed to increase with t ox because we have strong constraints on the values for the unreacted particles.) When the squalane and azelaic data sets are combined, the optimization method yields a C = 1.43 ± 0.11, a H = 0.55 ± 0.06 and a O = 0.99 ± 0.23, with the resulting calculated mean a differing from the measured values by 0.6% and 2.4% on average for the squalane and azelaic acid data sets, respectively. The above uncertainties for the a x values were estimated by investigating the variation in the c 2 values around the minimized value (c 0 2 ), under the assumption that the " x values are normally distributed. The 1s uncertainty for the a x values was determined by finding the c 2 that are within one quintile (68.3%) of c 0 2 , i.e., the maximum deviations from a x for which c 2 < c 0 2 + 3.12 (the factor of 3.12 comes from there being 3 fitting parameters). The calculated mean a values are compared to the observations in Figure 4 . That both the squalane and azelaic acid data sets can be well represented using a single set of a x values suggests that our result may be general.
[26] The values determined here for a O , a H and a C can, in principle, be used to estimate the ratio a/v m , and thus the real refractive index, for any OA system for which O:C and H:C are known. We test this idea for the a-pinene + O 3 secondary organic aerosol system, for which the evolution of O:C and H:C as a function of mass loading has been previously measured [Shilling et al., 2009] . Using these previous results, the a/v m for the a-pinene SOA system are calculated to vary from 0.945 (O:C = 0.3 and H:C = 1.51) to 0.964 (O:C = 0.45 and H:C = 1.38), corresponding to n = 1.543 and 1.556, respectively. Note that because the ratio a C /a H is much larger than a C /a O , the results are particularly sensitive to the measured H:C. These predicted refractive index values are somewhat higher than literature values measured for this same, or similar, chemical systems, which have ranged from 1.41 to 1.53 [Schnaiter et al., 2003; Barkey et al., 2007; Yu et al., 2008; Kim et al., 2010; LangYona et al., 2010; Nakayama et al., 2010] . However, many of these measurements were made at very high mass loadings, where we expect H:C to be relatively large and O:C to be relatively small [Shilling et al., 2009] . This may be the reason for the overprediction, since high H:C/low O:C conditions would yield a lower n than calculated above. Further work will be necessary to determine whether the a x values given above are generally applicable to organic aerosol. Such investigations can build on the recent finding that O:C and H:C ratios for atmospheric OA are highly correlated [Heald et al., 2010] .
Hygroscopicity
[27] As with s ext,rel , particle hygroscopicity (i.e., g ext ) was observed to change upon heterogeneous OH oxidation, although the behavior of the squalane and azelaic acid systems were dramatically different ( Figure 5 ). Here, hygroscopicity has been characterized by measuring s ext for humidified particles relative to that of dry particles. g ext is a single-parameter representation of hygroscopicity and is Figure 5 . The hygroscopicity of organic particles is shown as a function of (a) the oxidation lifetime, (b) molar volume, (c) the O:C atomic ratio, and (d) the average oxidation state, 2 × O:C − H:C, for the squalane (black circles) and azelaic acid (gray diamonds) systems. The solid black line in Figure 5a is a 1-exp fit to the azelaic acid data, while the lines in Figures 5c and 5d are sigmoidal fits to the combined squalane and azelaic acid data sets. Values from lab measurements of Massoli et al. [2010] are also shown in Figure 5c as open squares. The dashed line in Figure 5b indicates the intrinsic Raoult's Law hygroscopicity. independent of absolute RH, unlike f RH [Quinn et al., 2005; Massoli et al., 2009] . Extinction is typically larger for the humidified particles because water uptake leads to particle growth, which causes the particles to scatter more light per particle compared to the dry particles. This is countered to some extent by the decrease in n that accompanies water uptake, as water has an RI of 1.33, lower than most organic compounds. However, in general, the effect of particle growth outweighs the decrease in n such that, overall, s ext increases.
[28] As expected, it was found that unreacted squalane took up negligible amounts of water at either 75% or 85% RH, with g RH = 0 ± 0.008. In contrast, unreacted azelaic acid readily took up water, with g RH = 0.162 ± 0.03 (2s), which corresponds to f RH = s ext (85%RH)/s RH (0%RH) = 1.36. (Note that the reported uncertainties are derived from the experimental precision and do not include uncertainties in the RH measurement, which are <2%.) However, previous measurements indicate that the deliquescence RH of azelaic acid is >90% [Chan et al., 2008] . One reason that we observe water uptake for azelaic acid at RH <90% may be that the RH in our humidifiers was actually 100%. In these studies, the temperature of the humidifiers was ∼3-5 K less than in the CRD cells. Therefore, given a directly measured RH of 85% at 297 K within the extinction cell, the RH in the humidifier would have been 100% since the dew point is 294 K. As a result, the particles could have deliquesced or activated in the high-RH environment of the humidifiers. If the particles did not effloresce, which seems likely given that the RH remained above 70% in the humidified CRD cells, they would have retained water at the RH at which the g RH measurements were made. Support for this hypothesis comes from a study by Huff-Hartz et al. [2006] who suggested that azelaic acid particles can retain some water after being exposed to high-RH environments (in their case, aerosol generation via atomization). An alternative explanation is that the azelaic acid particles, produced from homogeneous nucleation, actually existed in a supercooled liquid state and did not completely crystallize prior to the g RH measurement [Bilde and Svenningsson, 2004; Broekhuizen et al., 2004] . If true, this would act to depress the deliquescence RH, and might actually be considered more representative of how ambient OA behaves. Impurities in the particles may have also played a role, although we believe this to be small [Bilde and Svenningsson, 2004; Broekhuizen et al., 2004] . Regardless of the reason for the observed water uptake by the pure azelaic acid particles, our focus is on changes induced via OH oxidation, which have been characterized under constant experimental conditions, and thus our results can be considered in this context.
[29] A weak dependence of g ext on particle size was observed, with somewhat larger values of g ext corresponding to smaller d p particles. It is known that f RH values, and consequently g ext values, can vary nonlinearly with particle size Garland et al., 2007] . The range of variation in the observed g ext is consistent with theoretical calculations, which indicate that g ext should decrease somewhat with size for a given growth factor due to the nonlinearity of Mie theory, e.g., from ∼0.18 (100 nm) to ∼0.14 (190 nm). Since this size dependence is much smaller than the change in g ext upon OH oxidation, discussed below, we have chosen to consider the g ext values as a single data set, independent of particle size. However, this is likely the reason for some of the spread in the data.
[30] Considering first the azelaic acid particles, as oxidation by OH radicals proceeded the hygroscopicity increased steadily, from 0.16 for unoxidized particles to 0.45 for the highest t ox (Figure 5a ). In stark contrast, the hygroscopicity of oxidized squalane particles increases only very slowly with oxidation lifetime (Figure 5a ). However, if the g RH values for both oxidized squalane and azelaic acid particles are plotted together versus their respective O:C values we see that there is continuity between the two model systems and an indication of a sigmoidal relationship between g RH and O:C (Figure 5c ). There is similar continuity between the squalane and azelaic acid data sets and a sigmoidal relationship when g RH is graphed versus the mean oxidation state, OS C , calculated as 2 × O:C − H:C [Kroll et al., 2011] (Figure 5d ). A sigmoidal relationship indicates that there is an approximate critical threshold for water uptake, with very small values of g RH being observed when O:C is less than ∼0.25 or OS C less than −1. A sigmoidal fit to the combined oxidized squalane and azelaic acid data yields a plateau of g ext ∼ 0.57. Our results suggest that it may be possible to approximately predict organic aerosol hygroscopicity under subsaturated conditions from O:C or OS C measurements or vice versa, at least for chemically complex aerosol (for single component particles there is little relationship between O:C and hygroscopicity ).
[31] A similar relationship between subsaturated particle hygroscopicity and O:C has recently been reported, based on both laboratory secondary organic aerosol growth experiments and field observations [Jimenez et al., 2009; Duplissy et al., 2010; Massoli et al., 2010] . In these studies, hygroscopic growth factors at 95% RH, GF(95%), which is the ratio between the measured d p of humidified and dry particles, were measured and reported along with equivalent subsaturated "Kappa" values ( sub ). Like g RH , sub is a parameter that describes particle hygroscopicity independent of the measurement RH . To facilitate comparison with our measurements, we have converted our g RH measurements to equivalent sub values, as described in Appendix A. There is relatively good agreement between our measurements and the literature results in terms of the shape of the g RH (or sub ) versus O:C relationship, where in Figure 5c we show the sub values from the laboratory experiments of Massoli et al. [2010] . Thus, the threshold behavior and sigmoidal variation in g RH (or sub ) with O:C appears to be quite general and can potentially be used to parameterize water uptake by organic aerosol under subsaturated conditions [Jimenez et al., 2009; Duplissy et al., 2010; Massoli et al., 2010] , although the spread observed among the different measurements suggests that such parameterizations may have significant uncertainties. However, we note that these results may not be generalizable to the estimation of cloud condensation nuclei (CCN) activity (i.e., of supersaturated values) as it is known that there are challenges in using subsaturated measurements to predict supersaturated behavior, and vice versa [Prenni et al., 2007; Duplissy et al., 2008; Wex et al., 2009; Massoli et al., 2010] .
[32] A few other studies also suggest a link between particle aging, O:C and hygroscopicity (see Figure 5c ). For example, Duplissy et al. [2008] found that the GF(95%) for a-pinene SOA increased with O:C (as deduced from the m/z 44 fraction measured using an Aerodyne aerosol mass spectrometer) and further that the GF(95%) increased as the SOA was aged, and presumably as O:C increased. In a follow-up study, Jurányi et al. [2009] observed a similar increase in the GF(95%) for a-pinene SOA with photochemical aging.
[33] There is no theoretically rigorous reason why there should be such a clear relationship between O:C and g ext . The addition of oxygen to molecules within an aerosol can influence the solubility of the constituent compounds. However, for sufficiently soluble species, particle hygroscopicity is primarily controlled by Raoult's law, with solubility being a secondary concern [Petters and Kreidenweis, 2008] . It is therefore possible that O:C is but one factor, or is serving as a proxy for some other factors, that determine the water uptake behavior. For example, the relationship between g RH and O:C may be partially controlled by molecular volume changes that accompany changes in the O:C, and not solely by the addition of oxygen .
[34] Consider that for the squalane system fragmentation of the particle phase molecules during oxidation can be significant and may start to occur at as few as two oxidation lifetimes ]; some of the particle phase molecules are being broken down into smaller (lower v m ) molecules as oxidation progresses. Yet, for this system the addition of oxygen will also be important to the overall hygroscopicity since saturated hydrocarbons are effectively insoluble in water even for small hydrocarbons. For the azelaic acid system, fragmentation is comparably less pronounced upon oxidation, but the increase in density still leads to an overall decrease in v m . Yet, azelaic acid is only moderately soluble in water (C ∼ 4 × 10 −3 v/v), and thus the observed g ext for this compound may also be somewhat sensitive to changes in the overall solubility of the particle phase constituents as oxidation progresses [Petters and Kreidenweis, 2008; Petters et al., 2009] . Thus, the relationship between g ext and O:C for the squalane and azelaic acid systems is likely the result both of an increase in solubility and a decrease in molar volume (or some other property) associated with oxidation. Variations in the O:C ratio appear to capture changes in both properties, at least for the systems under consideration here.
[35] As discussed above, we have observational constraints on how v m varies with t OH . Our measurements indicate that, for the chemical systems considered here, g ext decreases as v m increases (Figure 5b ). There is a theoretical relationship between and v m that derives from Raoult's Law assuming an infinitely soluble compound . If our observations are compared to this intrinsic limit, it is seen that the squalane results fall far below, as do the less oxidized azelaic acid results, likely as a result of the limited water solubility of the less oxidized compounds comprising the particles. However, at higher t OH values, the azelaic acid system moves toward the intrinsic value, indicating that solubility is becoming less of a constraint. Clearly, the influence of O:C and v m on particle hygroscopicity are connected, as these do not vary independently of each other.
[36] As a final note, in the experiments described here we have considered only compounds with H, C and O atoms.
The relationship between O:C (or OS C ) and g RH (Figures 5c  and 5d ) may be sensitive to the presence of other atomic species, specifically, N and S from organic nitrates and sulfates or other N and S containing compounds. Additionally, the azelaic acid particles used here may have existed in a supercooled state (as evidenced by the water uptake by the pure azelaic acid particles), meaning that these results may not be applicable to crystalline organic aerosol. Furthermore, the heterogeneous oxidation likely leads to particles composed of compounds having a distribution of oxygen-containing functional groups (e.g., alcohols, ketones, carboxylic acids, etc.). It may be that particles composed of single compounds behave somewhat differently and do not conform to the relationship found here; as mentioned above, there is no clear relationship between hygroscopicity and O:C for single component aerosol . Furthermore, it may be that the complex mixture that is atmospheric OA cannot be well represented as a mixture of just a few (or even many) individual compounds. The more that laboratory OA conforms to the atomic composition of "real" OA [e.g., Heald et al., 2010] , the more robust empirical relationships between hygroscopicity and composition likely will be.
Conclusions
[37] The evolution of the particle extinction cross sections and the particle hygroscopicity parameter g ext with exposure to OH radicals has been measured for two model organic aerosol systems, squalane and azelaic acid. It was found that for both systems the s ext increased continuously with OH exposure, or oxidation lifetime. A 1-exponential relationship between s ext and t ox was observed, with the s ext values starting to plateau at long OH lifetimes. The magnitude of the observed changes corresponds to an increase in the particle real refractive index, from 1.48 to 1.55 and from 1.49 to 1.54 for azelaic acid and for squalane, respectively. Relative values of s ext (normalized to remove the size dependence) were found to increase both with the evolving particle O:C atomic ratio and the particle density. Using the derived RI values, along with the known variation in particle density and an estimated variation in mean MW with oxidation, the variation in the mean polarizability with oxidation was calculated. The calculated mean polarizability was shown to have a relationship with particle chemical composition, specifically with the relative abundances of carbon, hydrogen and oxygen.
[38] These results provide evidence that the optical properties of organic aerosols are not static. On the contrary, they vary with composition, and thus will be expected to depend explicitly on the OA source and the OA age in the atmosphere. By comparing OA optical properties with other physical and chemical properties of OA, it may be possible to eventually develop robust parameterizations that will allow for variation of OA optical properties within models.
[39] Changes to the particle hygroscopicity were also measured as a function of t ox . For azelaic acid, the optical hygroscopicity parameter g ext increased steadily with increasing t ox . In contrast, g ext for squalane remained very close to zero until relatively long t ox values were reached. It was shown that the g ext measurements for azelaic acid and for squalane are connected through the particle O:C ratio or mean oxidation state, OS C . For O:C values less than ∼0.25 (which corresponds to the majority of the squalane oxidation measurements) g ext remained close to zero. Above O:C = 0.25, the g ext values increased steadily with increasing O:C, reaching a plateau of g ext ∼ 0.57 at high O:C ratios (which corresponds to sub ∼ 0.23). Thus, the overall dependence of g ext on O:C appears to be sigmoidal. In addition, we find that there is a relationship between g ext and mean molar volume, suggesting that the observed hygroscopicity is a function of both solubility (O:C) and molecule size.
